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Background. Traditional protein kinase assays include the use
of [32P] labeled ATP as phosphate donor and a substrate protein
or peptide as phosphoreceptor. Since this approach has a number
of drawbacks in addition to generating ionizing radiation, several
non-isotopic methods have been developed. Although shown to
reflect the activity of purified enzymes, none have been demon-
strated to detect physiological changes in endogenous enzyme
activity in cell homogenates.
Methods. Studies were performed to examine the kinetics,
reproducibility, and optimal assay conditions of a novel non-
radioisotopic kinase assay that detects PKA activity by phosphor-
ylation of the peptide substrate Kemptide covalently bound to a
fluorescent molecule (f-Kemptide). Basal and agonist-induced
PKA activity in epithelial cell homogenates was measured.
Results. The kinetics of f-Kemptide were similar to the standard
radioisotopic method with intraassay and interassay variations of
5.6 6 0.8% and 14.3 6 2.6%, respectively. Neither fluorescence
quenching nor enhancing effects were found with consistent
amounts of homogenate protein. Specific PKA activity was deter-
mined as the IP20-inhibitable fraction to account for nonspecific
phosphorylation, perhaps due to S6 kinase or a similar enzyme.
The basal activity of 38% of total PKA in A6 cells increased by
84% after exposure to vasopressin and by 58% after short
exposure to forskolin. In T84 cells exposed to VIP there was a
360% increase over basal activity.
Conclusions. These results show that f-Kemptide exhibits ac-
ceptable kinetics, and that the assay system can quantitatively and
reproducibly measure basal and stimulated PKA activity in cell
homogenates.
Recently a number of novel non-isotopic assays have
been reported that avoid the drawbacks of the traditional
assay of protein kinase activity, which measures [32P]
incorporation into a phosphoreceptor [1–4]. The major
drawbacks include ionizing radiation, the short half-life of
[32P] and problems related to separation of the phosphor-
ylated substrate of interest from the background of mixed
endogenous cellular substrates for other kinases. This study
was performed to determine the suitability of a novel
method that employs a fluorescent-labeled Kemptide for
the quantitative assay of PKA in crude homogenates using
a commercial assay kit (PepTagy; Promega Inc., Madison,
WI, USA).
In this assay, enzyme-induced phosphorylation is as-
sessed following brief electrophoretic separation on aga-
rose gels of the phosphorylated peptide from the nonphos-
phorylated peptide. Both forms of the peptide can be
visualized under UV light and quantified either spectro-
photometrically or, more sensitively, spectrofluormetri-
cally. Since the substrate is labeled prior to the assay, this
method avoids the problem of background phosphorylation
of other substrates in the isotopic assay. This report in-
cludes our assessment of this method to determine the
phosphorylating activity of PKA, the conditions required to
preserve subunit interaction in situ, the specificity of the
phosphoreceptor, and an examination of the potential
problems of an assay that relies on a fluorescent marker.
METHODS
Cell lysis
A6 and T84 cells were seeded on porous 25 mm diame-
ter, 0.45 mm untreated culture inserts (Collaborative Bio-
medical Products, Bedford, MA, USA), as previously de-
scribed [5]. Following experimental treatment, if any, cells
were immediately placed on ice and media was replaced
with 1 ml of ice cold PBS (pH 7.2). The PBS wash was then
replaced with 150 to 250 ml of homogenization buffer. Cells
were scraped from the membrane with a rubber policeman
and were lysed by probe sonication for 15 seconds (Kontes,
Model KT-50 Micro Ultrasonic Cell Disrupter, equipped
with an AS1 probe). Except where stated, samples were
then aliquoted and either assayed immediately or stored at
270°C until assayed. Total protein was estimated by the
general procedures of Lowry et al [6] and Petersen [7].
PKA assay
After the optimal reaction conditions were established,
the enzyme assay was routinely run with 5 to 9 mg of cell
Key words: PKA assay, cAMP-dependent protein kinase, Kemptide,
epithelial cells, A6 cells, IP20, S6 kinase.
Received for publication December 10, 1997
and in revised form June 3, 1998
Accepted for publication June 3, 1998
© 1998 by the International Society of Nephrology
Kidney International, Vol. 54 (1998), pp. 1746–1750
1746
homogenate protein in a final volume of 25 ml, containing
20 mM Tris, pH 7.4, 1 mM ATP, 10 mM MgCl2, 60 mM
f-Kemptide (PepTagy A1 peptide, molecular weight 5
1314) and no added cAMP. For measurement of total
PKA, 1 mM exogenous cAMP, which gave maximal activa-
tion, was added to parallel samples. To determine phos-
phorylation due to non-PKA protein kinases, homogenates
were also incubated with the PKA inhibitor, IP20 (5 mM).
All reaction components except f-Kemptide were com-
bined on ice and then incubated for 10 minutes at 30°C to
allow the IP20, when present, to bind to the free catalytic
subunit of PKA. Then the f-Kemptide was added, the
reaction was run for the indicated time at 30°C and was
stopped by heating at 95°C for 10 minutes; after samples
cooled to room temperature, 2.5 ml of 80% glycerol was
added. Samples were then electrophoresed (140 V for 25
min) on a 10 3 14 cm horizontal 0.8% agarose gel in 50 mM
Tris (pH 8.0). Up to 24 samples, 3 rows of 8 each, were run
on a single gel. Separated f-Kemptide bands were visual-
ized by UV transillumination, and the phosphorylated
f-Kemptide bands were excised from the gel. Each gel
slice was brought to a volume of 0.5 ml with deionized
H2O and heated until liquified. Gels were kept liquified
by adding 200 ml of deionized H2O, 100 ml of glacial
acetic acid and 75 ml of a solubilization solution provided
by Promega. Samples were cooled and transferred to 1
ml microcuvettes, and after equilibration to room tem-
perature, their fluorescence was determined by spec-
trofluorometry (Perkin-Elmer LS-5) with excitation at 568
nm and emission at 592 nm. Results are expressed in
arbitrary fluorescence units (afu), and when appropriate,
per 10 mg sample protein. Basally active PKA, total PKA
and non-PKA activity were calculated as shown in Table
1B. In studies using the purified catalytic subunit of PKA
the nanomoles of f-Kemptide phosphorylated per unit time
was calculated from the afu per molar concentration of
f-Kemptide.
RESULTS AND DISCUSSION
Analysis of the fluorescent Kemptide assay with PKA
catalytic subunit
In a 20 minute assay at 30°C purified bovine catalytic
subunit linearly phosphorylated f-Kemptide up to 20 ng
enzyme (Fig. 1A; r 5 0.993). Previously, Lutz, Pinon and
Miller [1] showed that PKA catalytic subunit kinase activity
measured with Kemptide derivitized with fluorescamine
was comparable to that of Kemptide in the standard PKA
assay using [32P] (Fig. 1B). In our study using Kemptide
derivitized with a proprietary fluorescent label the observed
rate of f-Kemptide phosphorylation in nine independent
experiments (Fig. 1C) was similar to their comparison
study, with the amount of f-Kemptide phosphorylated at
50U/ml PKA (about 0.4 nmol/20 min) being nearly identi-
cal. This assay range was physiologically relevant for it
included the range of kinase activities measured in A6 cell
homogenates (see below and Table 1B).
Analysis of the fluorescent Kemptide assay with cell
homogenates
The homogenization buffer for A6 cells was determined
empirically and contained: 20 mM Tris, 10 mM leupeptin, 25
mg/ml aprotinin, 1 mM disodium pyrophosphate, 1 mM
1,4-dithiothreitol and 1 mM EGTA, final pH 7.4. The
linearity of the assay with time and homogenate protein
amount was then determined. Figure 2A is a UV-illumi-
nated agarose gel showing separation of phosphorylated
f-Kemptide from remaining non-phosphorylated f-Kemp-
tide (upper and lower bands, respectively) and the increase
in phosphorylated f-Kemptide with increasing amounts of
homogenate protein. Figure 2B shows linear phosphoryla-
tion up to approximately 12 mg of protein (r 5 0.985). Time
course experiments (data not shown) using a submaximal
quantity of sample protein (9 mg) showed phosphorylation
of f-Kemptide was linear up to at least 15 minutes, both
with and without added cAMP (r 5 0.997 for 1cAMP, and
r 5 0.994 for 2cAMP). Subsequently we performed all
assays for 15 minutes at 30°C with 5 to 9 mg of A6 cell
homogenate protein, with and without 1 mM cAMP.
Although Kemptide is regarded as the preferred phos-
phoreceptor for PKA [8], it is also phosphorylated by
ribosomal S6 and other kinases [9–14] To determine
specific PKA activity we used the totally specific PKA
inhibitor IP20, which is derived from the native mammalian
PKA inhibitor (PKI) [15]. At the maximally inhibitory
Table 1A. Measured A6 cell kinase activitiesa
Mean values for the four assay conditions afu/10 mg protein 6 SE
2cAMP\2IP20 2cAMP\1IP20 1cAMP\2IIP20 1cAMP\1IP20
158.3 6 9.9 116.8 6 9.3 226.8 6 17.7 113.7 6 8.0
Table 1B. Calculated A6 cell kinase activitiesa,b
Activity Calculation (afu) (nmol P)c
Non-PKA [2cAMP\1IP20]1[1cAMP\1IP20]
2
115.3 6 8.7 0.31 6 0.02
(0.42 6 0.03)
Basal PKA [2cAMP\2IP20] 2 non-PKA 43.0 6 5.2 0.12 6 0.01
(0.16 6 0.02)
Total PKA [1cAMP\2IP20] 2 non-PKA 111.5 6 12.2 0.30 6 0.03
(0.41 6 0.04)
Activity
ratio %
basal PKA
3 2
total PKA
38.1 6 6.0d
a Data are corrected for cell protein and are from 5 cell preparations
(passages (105–115 harvested and assayed over several months)
b Kinase activities were calculated individually for each cell preparation;
these values were then averaged and SE calculated
c nmol phosphate transferred to f-Kemptide per 15 min was calculated
from the measured afu/nmol Kemptide. The values in parentheses are the
calculated activities at 20 min to conform to units in Fig 1C
d Percentages were calculated individually for each cell preparation;
these values were then averaged and SE calculated
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concentration in A6 cell homogenates of 2.5 mM, IP20
inhibited f-Kemptide phosphorylation by only 50%. In
contrast, with 20 ng of purified mammalian catalytic sub-
unit f-Kemptide phosphorylation was fully inhibited. This
nonspecific phosphorylation of f-Kemptide was not con-
fined to amphibian cells, because approximately 65% was
also observed in homogenates of T84 cells, derived from
human colon. Therefore, PKA activity was subsequently
quantitated as the IP20 inhibitable fraction, as suggested by
others [16].
Further studies (data not shown) demonstrated that the
enzyme itself and the interaction of the regulatory and
catalytic subunits were stable in homogenates of A6 cells
assayed immediately and after storage at 270°C.
Reproducibility of the fluorescent Kemptide assay
We also examined whether the inclusion of cAMP, IP20
or cell homogenate quenched or enhanced f-Kemptide
fluorescence and whether the excision of f-Kemptide bands
from the gel gave consistent and quantitative recovery. We
tested various conditions [no enzyme (N 5 4), purified
catalytic subunit (N 5 2), boiled cell homogenate (N 5 2),
and active cell homogenate 6 cAMP\6 IP20 (N 5 8)]. With
no enzyme (one band, unphosphorylated) or nanogram
amounts of purified catalytic subunit (two bands, phosphor-
ylated and unphosphorylated), total recovered f-Kemptide
was 568.2 6 27.3 afu (mean 6 SE) with no significant
difference between the two sets of samples (within 2.2%),
indicating quantitative recovery. In all samples incubated
with cell homogenate (either boiled cell homogenate or
active cell homogenate 6 cAMP\6 IP20), there were no
differences between any of the samples, also indicating
quantitative recovery. However, the total fluorescence was
significantly increased to 679.9 6 11.5 afu (mean 6 SE, P ,
0.001) when compared to samples without added homoge-
nate. This observed enhancement of fluorescence by cell
homogenate amounted to 20%. Therefore, similar amounts
of homogenate protein should be assayed when quantitat-
ing kinase activity.
The error for duplicate samples of the same homogenate
run in the same assay incubation and on the same gel was
found to be 5.6% 6 0.8% (mean 6 SE, N 5 40). However,
the error for duplicate samples of the same homogenate
run in the same assay incubation but singly on two separate
gels was much greater, 14.3% 6 2.6% (mean 6 SE, N 5 20).
4™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™
Fig. 1. f-Kemptide phosphorylation by PKA catalytic subunit. (A) Lin-
earity of f-Kemptide phosphorylation using purified bovine catalytic
subunit. Values are the means of single determinations from two separate
gels 6 the range. Reactions were run for 20 minutes at 30°C. (B)
Phosphorylation of fluorescamine-labeled Kemptide compared to unla-
beled Kemptide in the traditional [32P] assay, reported by Lutz et al [1]
(reprinted with permission). Symbols are: (F) gel-shift assay; (E) radio-
active assay. (C) Phosphorylation of f-Kemptide in the present study
(mean 6 SD, N 5 9).
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Therefore, we routinely assayed PKA activity in duplicate
on each of two separate gels and the error was 6.0% 6
0.7% (mean 6 SE, N 5 4), a value close to that obtained by
assaying duplicate samples on the same gel. Therefore,
each sample should be assayed at least in duplicate, and
preferably in two independent assays. In comparison, a
brief survey of references involving Kemptide [32P]-phos-
phorylation assays indicated an average SE value of about 6
10% (range 5 to 12% for activity measurements and 6 to
16% for activity ratios) [17–22].
Assay of cellular PKA activity in A6 cells
Table 1A contains the data from five different prepara-
tions of A6 cell homogenates, harvested and assayed over a
period of several months. For all assay conditions (6
cAMP\6 IP20), the standard errors for the combined
results were within 8.0% of the mean values. Table 1B
shows the calculated kinase activities in afu and indicates
the basal activity of PKA was 38.1 6 6.0% of the total PKA
activity. This table also shows basal and total PKA activities
in units of nmol phosphorylated f-Kemptide/20 minutes.
The values of 0.16 and 0.41 are within the linear assay range
shown in Figure 1C.
As a final test of the assay, we quantitated activation of
PKA in cells exposed to agents that stimulate adenylate
cyclase and consequently increase cAMP. Exposure of A6
cells to 1 mM forskolin for one minute or the physiological
agonist vasopressin (AVP) at 1 mM for 30 minutes increased
PKA activity 58 and 84%, respectively. Addition of the
peptide hormone VIP to T84 cells for five minutes induced
an increase in PKA activity of 360%.
Concluding remarks
This study shows that the fluorescent-Kemptide assay
provides a sensitive and reproducible method to detect and
quantitate basal and stimulated activities of PKA in cell
homogenates. The assay can be applied to either fresh or
frozen samples. As in methods that employ [32P], appro-
priate conditions to preserve the enzyme activity in the
homogenization buffer and to assay its activity must be
individually determined for each cell type. Additionally,
with this and other methods, the measurement of PKA
activity requires testing and correction for other enzyme
activities using PKI or IP20 because Kemptide is not a PKA
specific substrate.
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